Objective: To describe types of recommendations represented in a curated online evidence library, report on the quality of evidence-based recommendations pertaining to diagnostic imaging exams, and assess underlying knowledge representation. Materials and Methods: The evidence library is populated with clinical decision rules, professional society guidelines, and locally developed best practice guidelines. Individual recommendations were graded based on a standard methodology and compared using chi-square test. Strength of evidence ranged from grade 1 (systematic review) through grade 5 (recommendations based on expert opinion). Finally, variations in the underlying representation of these recommendations were identified. Results: The library contains 546 individual imaging-related recommendations. Only 15% (16/106) of recommendations from clinical decision rules were grade 5 vs 83% (526/636) from professional society practice guidelines and local best practice guidelines that cited grade 5 studies (P < .0001). Minor head trauma, pulmonary embolism, and appendicitis were topic areas supported by the highest quality of evidence. Three main variations in underlying representations of recommendations were "single-decision," "branching," and "scorebased." Discussion: Most recommendations were grade 5, largely because studies to test and validate many recommendations were absent. Recommendation types vary in amount and complexity and, accordingly, the structure and syntax of statements they generate. However, they can be represented in single-decision, branching, and score-based representations.
BACKGROUND AND SIGNIFICANCE
Recent federal regulations encourage the adoption and use of clinical decision support (CDS) systems in medical practice. The Health Information Technology for Economic and Clinical Health Act of 2009 1 promotes meaningful use of electronic health records to achieve specified improvements in care delivery. More recently, the Protecting Access to Medicare Act of 2014 (PAMA) 2 aims to promote evidence-based care by including provisions that will require ambulatory providers ordering covered advanced diagnostic imaging exams (eg, computed tomography [CT] , magnetic resonance imaging, nuclear medicine) to consult evidence-based appropriate use criteria, created or endorsed by qualified provider-led entities, through certified CDS mechanisms.
The strength of the evidence underlying CDS recommendations may enhance or impede the usability of CDS alerts 3 and represents an important attribute in assessing the trustworthiness of practice guidelines. 4 Despite the fact that guidelines regarding the appropriate use of imaging are widely available for various clinical scenarios, an assessment of the strength of evidence supporting these guidelines using an objective, broadly accepted methodology has not been readily available. To address this need, we implemented a previously described curated online "evidence library" 5 (http://libraryofevi dence.med.harvard.edu/). The curation process begins with analyzing a unit of evidence, defined as an assertion regarding the appropriateness of utilizing a diagnostic imaging procedure for certain indications, taken from a published recommendation, guideline, systematic review, or clinical decision rule. Each unit of evidence is assigned to at least 2 curators, medical librarians trained in grading quality of evidence. This entails manually reviewing clinical studies listed in the bibliography of the published recommendation and in supplementary files (eg, evidence tables). In addition, all annotation attributes for grading (eg, guideline, source, imaging modality, body region, recommendation) are fully captured for each unit of evidence. After curator reconciliation, a validating clinician (from a relevant medical specialty) reviews the evidence and grading assignments. Inter-annotator agreement was previously reported to be 97% with j of 0.88 after grading standardization. 5 In the evidence library, we use a comprehensive annotation framework to grade and store evidence-based recommendations pertaining to the ordering of diagnostic imaging exams. Each recommendation is converted into an "IF. . .THEN" statement, such that a single statement contains sufficient knowledge to make an independent assertion to perform or not perform an imaging procedure. The following is a sample statement in "IF. interoperability between various electronic health record and CDS systems. This, in turn, enhances workflow by automating some aspects of data entry. The curation process was not entirely manual; we utilized custom-designed software to facilitate authoring and curation of evidence. When a guideline is authored, required elements (eg, guideline name, source) described previously 5 are entered in a structured
form. An administrator enters the names of 2 curators and a validating clinician. The ungraded evidence proceeds to both curators simultaneously for asynchronous annotation. When there is disagreement, it enables reconciliation by allowing either curator (or the administrator) to change a grade prior to being directed to the validating clinician. All curators are able to add references and comments for other curators. In addition, the software enables e-mails to be sent (with a click of a button) to each other to facilitate reconciliation. Finally, grading is completed and the evidence is deposited in the library. Each logic statement is graded using a system developed by the Oxford Centre for Evidence-Based Medicine. 8 The grading methodology has been described in detail previously. 5 In summary, each logic statement derived from a recommendation source is graded level 1-4 (with subgrades a-c), based on the quality of a validating study cited in the recommendation source. If no study is cited, it is graded as level 5, indicating expert opinion. Each recommendation is also given a separate grade according to a system developed by the United States Preventive Service Task Force (USPSTF) 9 for stratifying the quality of level 5 recommendations. A level 5 recommendation that was a synthesis of a large body of evidence is given the USPSTF grade "non-I" (non-insufficient), indicating that while it lacks direct validation, it remains an evidencebased recommendation. Any level 5 recommendation that is not supported by direct validation or a general body of evidence is given the USPSTF grade "I" (insufficient). All recommendations graded 1-4 are automatically given the USPSTF grade "non-I." Finally, annotation attributes are captured for each logic statement, including guideline name, source, imaging modality, body region, and disease entity (ie, sign or symptom).
OBJECTIVE
In this paper, we aim to: (1) describe the knowledge currently represented in the evidence library, (2) report the evidence quality of knowledge content in the library, and (3) assess knowledge representation for various types of clinical knowledge.
MATERIALS AND METHODS
This descriptive study was exempt from Institutional Review Board review.
Recommendation sources
The recommendations regarding appropriate use of imaging used to populate the evidence library were derived from a variety of sources and a number of publishers. Sources were identified through a literature search of Medline (1980 Medline ( -2016 using the text search terms "decision rule," "decision instrument," "clinical algorithm," "prediction rule," "low-risk criteria," "high-risk criteria," "practice guideline," and "clinical policy," and the Medical Subject Headings terms "radiography," "radiology/standards," "ultrasonography," and "decision support techniques." Specific techniques for identifying clinical prediction studies described by Wong et al. 10 were used. This literature search was augmented by reviewing the reference lists of identified articles. Each source was then individually examined to determine its eligibility for entry into the evidence library. Approximately 85% were excluded from the final collection of evidence sources because they: (1) contained non-imaging-related recommendations, (2) duplicated recommendations published in a previous source, or (3) contained rules and scoring systems that had not been validated since 2000. Imaging-related decision rules, prediction rules, and riskassessment scores commonly utilized in current medical practice were also identified through medical calculator websites such as MDCalc (www.mdcalc.com) and QxMD (www.qxmd.com). Imaging-related clinical practice guidelines were identified through the National Guideline Clearinghouse 11 and by searching the websites of various professional societies for published policies and statements. All relevant documentation for local best practice guidelines were also obtained from various health care institutions. Imaging-related guidelines were obtained primarily from 2 public sources, the American College of Radiology (ACR) Appropriateness Criteria database 12 and the American College of Cardiology Appropriate Use Criteria (AUC) list. 13 ACR is also a qualified provider-led entity and can use its own AUC to fulfill PAMA requirements for ordering advanced diagnostic imaging. From all these recommendation sources, we prioritized grading recommendations that were included in the Centers for Medicare & Medicaid Services priority clinical areas 14, 15 and recommendations from the Choosing Wisely V R campaign. 16 
Categories of clinical knowledge
Recommendations regarding the appropriate use of imaging were classified into the following categories:
1. Clinical decision rule. 17 This is a clinical tool that quantifies the individual contributions that various components of the history, physical examination, and basic laboratory results make toward the diagnosis, prognosis, or likely response to treatment of a patient. This category also encompasses clinical prediction rules and clinical scoring systems, which make implicit rather than explicit recommendations regarding the ordering of imaging based on the pretest probability of a suspected diagnosis. 2. Professional society guideline without numerical scale. 18 This describes any published policy or statement by a professional medical society in the United States. Also included in this category are recommendations by the USPSTF and any recommendations endorsed by a professional medical society on the Choosing Wisely website 16 that are not independently published by that society. Recommendations are explicitly stated without a numerical scale for appropriateness. 3. Professional society guideline with numerical scale. 12, 13 This describes any professional society guideline as described above, consisting of a set of recommendations that are individually rated by the degree of appropriateness with a numerical value, typically from 1 to 9. 4. Local best practice guideline. 19 This describes any decision rule or guideline developed or adapted by an institution and implemented within its own CDS system.
Quality of evidence of various types of clinical logic
For each category, we determined the evidence quality of all recommendations that were included in the evidence library. We assessed the proportion of recommendations that had evidence quality better than grade 5 (ie, were given a grade of 1-4). We also selected recommendations for clinical topic areas that had the best evidence quality, on average.
Knowledge representation of various types of clinical knowledge
We initially described an IF. . .THEN representation for clinical recommendations. 5 Representation of knowledge in the form of a 
RESULTS
The evidence library has grown substantially in volume and variety of content since its implementation and initial description in 2015 5 ( Figures 1 and 2 ). To date, it includes a total of 89 recommendation sources identified from the published medical literature, 41 clinical decision rules, 116 professional society guidelines without numerical scale, 25 sets of professional society guidelines with a numerical scale, and 7 local best practice guidelines. Together, these sources generate a total of 742 individual imaging-related recommendations. professional society practice guidelines without numerical scale, professional society guidelines with numerical scale, and local best practice guidelines cite studies that are grade 5 (Table 1 ; P < .0001, chi-square test). The chi-square test compares the proportion of recommendations that are grade 5 among evidence from clinical decision rules, compared to those from guidelines (professional society or local). The 3 topic areas supported by the highest quality of evidence were minor head trauma, suspected pulmonary embolism, and suspected appendicitis ( Table 2) .
Grades and quality of recommendation sources

Representation of recommendations
We have identified 3 main types of variations in logic:
1
The National Emergency X-Radiography Utilization Study (NEXUS) criteria for c-spine imaging 20 is a decision rule wherein at least 1 of any of 5 clinical criteria must be positive in the setting of blunt trauma in order to warrant an X-ray of the cervical spine. If none of the 5 criteria are positive, cervical spinal fracture is considered extremely unlikely and X-ray unnecessary. This decision rule can be described by the following rule criteria and logic statements: 3. Score-based statements. As in the recommendation types described above, score-based recommendations also rely on the presence or absence of clinical criteria. However, in this type, not all criteria are weighted equally. The weights of all criteria, represented by point values, are summed to determine a score, and a recommendation to perform an imaging exam is triggered if the score falls above a specified cutoff. As an alternative to generating individual logic statements containing each possible combination of criteria as individual attributes, we found it most practical to represent these criteria in a separate table and generate a new "score" attribute.
Example: The Wells score for stratifying risk of pulmonary embolism. 23 Each criterion is assigned a point value ( 
DISCUSSION
The evidence library has grown substantially, encompassing a range of recommendation sources for diagnostic imaging. Most of the recommendations have been found to be unvalidated, ie, based on expert opinion and lacking critical appraisal. This does not necessarily suggest that these recommendations are poor clinical advice that deviate from standard of care, but rather that, in most cases, research to test and validate these recommendations is simply lacking. We found that high-quality recommendations only exist for a select few topic areas and imaging modalities. 20, 23, 26, 31, 33, 34, 46, 47 Recommendations in many areas, even those involving high-cost imaging (eg, lumbar spinal magnetic resonance imaging for the assessment of low back pain) were quite poorly supported. 45 Our approach differs from other valuable content sources for imaging CDS rules, such as those sponsored by various professional societies. Use of a single framework for grading evidence enables comparison of rules addressing similar clinical topics across multiple publishers of evidence. Collaboration among various publishers may help to accelerate adoption of evidence into practice. Also, in contrast to professional societies with content teams who create new evidence, our curation team does not create new evidence; rather, we grade evidence for its strength.
The grades from the evidence library may help to inform best practices for implementation of CDS as well as relevant federal regulations. Future rule-making on implementation of CDS, such as envisioned under PAMA, 2 should consider the grade of evidence in setting reimbursement policies. The heterogeneity in the strength of evidence underlying available recommendations raises potential implications for clinical validity or trustworthiness of some of the recommendations, specifically those based on expert opinion and lacking critical appraisal. Broad implementation of imaging recommendations in CDS may thus generate a large number of alerts and 15 beginning January 2018. The evidence library may help to inform these regulations as to which highquality recommendations may be potential targets for the next set of priority clinical areas. In addition, the library can identify evidence gaps to motivate research that will further enhance available evidence.
We also found that the identity of the publisher or source of recommendation is not a useful proxy for the quality of imaging recommendations. In addition, conflicting recommendations may be created by various publishers for the same clinical presentation. Thus, a public repository of transparently graded and CDS consumable evidence from various publishers, as intended by the library of evidence, may help to inform the choice of recommendations embedded in CDS.
Sources also varied in the amount and complexity of recommendations they included and, accordingly, the structure and syntax of logic statements they generated. We have characterized 3 underlying representations of recommendations: single-decision, branching, and score-based logical representations. While alternative methods to represent decision logic exist and could have been used, such as decision tables and visual decision trees, [57] [58] [59] we found that the use of individual logic statements as described above was the most practical and exhibited the greatest clarity for quick comprehension and curation by medical librarians and clinicians. However, while the logic statements in our evidence library are easy to comprehend and grade, only 80% of attributes currently map to SNOMED CT. Furthermore, standardization of representation will have to meet current CDS standards and initiatives. 61 As we continue to populate our evidence library, we plan to continually refine the grading system used by the curators to capture some features that have not yet been taken into account, but may be important in determining the quality of a recommendation based on a clinical study. These include study characteristics such as population sample size and outcome measure (eg, cost, accuracy of diagnosis, and long-term mortality). Other features of recommendations that need further study include strength and grade. 62 Guidelines are developed by expert panels compiling evidence from various sources. Thus, generalized recommendations for an imaging test may not be fully supported by a single study in which a diagnostic imaging test may have been proven effective for selected populations. Distinguishing these recommendations from those that have no clear supporting studies will entail more work.
Future work
New evidence will be reviewed and added annually. We will use version control to keep track of new recommendations from the same source. New pieces of evidence from different sources will be added and coexist with lower-quality evidence. The goal is to have transparently graded evidence from various sources that will help inform various stakeholders (physicians, payers, patients, medical practices, or institutions) regarding the choice of recommendations for clinical topics ultimately implemented in clinical practice. We have recently released an app version of the library based on SMART and FHIR, currently available in the SMART App Gallery (https://apps.smarthealthit.org/app/55). The app enables users (physicians or patients) to visualize evidence in the library by entering patient-specific data, and displays relevant evidence-based decision rules to guide appropriate use of medical imaging. Future work is needed to assess the feasibility of integrating the app with health IT vendor solutions in clinical workflow. The graded evidence will ultimately be translated into a standard representation for clinical decision support.
CONCLUSION
We describe an evidence library, consisting of recommendations from clinical decision rules, professional society clinical practice guidelines, and local best practice guidelines. The quality of evidence varied widely among sources/publishers of imaging recommendations, with clinical decision rules providing the highest-quality imaging recommendations. The library may be helpful in highlighting evidence gaps, comparing recommendations from varied sources on similar clinical topics, and prioritizing the implementation of imaging recommendations to inform CDS implementations intended to promote evidence-based care.
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